T here is increasing evidence that dry eye induces inflammation on the ocular surface that is responsible in part for the ocular surface epithelial diseases and irritation symptoms that develop. Increased levels of inflammatory mediators, including proinflammatory cytokines and chemokines, have been detected in the tear fluid and/or conjunctival epithelia of patients with keratoconjunctivitis sicca (KCS). [1] [2] [3] These inflammatory mediators appear to initiate an inflammatory cascade on the ocular surface, evidenced by increased expression of immune activation and adhesion molecules (HLA-DR and intracellular adhesion molecule [ICAM]-1) by the conjunctival epithelia. These molecules function to attract and retain inflammatory cells in the conjunctiva. Increased HLA-DR antigen expression by the conjunctival epithelium detected by flow cytometry has been observed as a consistent feature of dry eye. 4 Another pathologic change is an increased concentration and activity of matrix metalloproteinases (MMPs) in the tear fluid of patients with dry eye. 3, 5 These enzymes, such as MMP-9, lyse a variety of different substrates including components of the corneal epithelial basement membrane and tight junction proteins (such as ZO-1 and occludin) that maintain corneal epithelial barrier function. 6 -8 MMP-9 appears to play a physiological role in regulating corneal epithelial desquamation. In systemic vitamin A deficiency, there is reduced expression of MMP-9 and increased stratification of the corneal epithelium. 9 In contrast, the increased MMP-9 activity in KCS may be responsible in part for the deranged corneal epithelial barrier function (increased fluorescein permeability), increased corneal epithelial desquamation (punctuate epithelial erosions), and corneal surface irregularity 10 (Pflugfelder SC, et al. IOVS 2002; 43 :ARVO E-Abstract 3124). Another important pathologic finding in dry eye is increased apoptosis or programmed cell death of the ocular surface epithelia. 11, 12 Clinical evidence indicates that these inflammatory mediators are relevant in the pathogenesis of KCS because antiinflammatory therapies that target components of the inflammatory response to dry eye have been reported to have efficacy in treating the signs and symptoms of KCS. 13 The temporal sequence and mechanisms by which ocular surface dryness stimulates inflammation on the ocular surface have not been determined. We hypothesize that the ocular surface stress of dry eye, such as the hyperosmolar tear film that is recognized as a universal feature of dry eye, 14 stimulates the production and release of proinflammatory cytokines by the ocular surface epithelia and that this process is mediated by a group of key signaling molecules called mitogen-activated protein kinases (MAPKs). The MAPK cascades are well-conserved signaling pathways that include three subtypes: c-jun N-terminal kinases (JNK), extracellular signal-regulated kinases (ERK), and p38 MAPK. It has been reported that cellular stress (e.g., hyperosmotic saline) and inflammatory factors such as IL-1␤ and TNF-␣ activate JNK, ERK, and p38 MAPK signaling pathways in a variety of cell types, including epithelial cells, 15 vascular endothelial cells, 16 and fibroblasts. 17, 18 The activated kinases initiate a cascade of protein phosphorylation involving multiple other kinases and activate nuclear transcription factors such as NFB, AP-1, and ATF, 19, 20 which stimulate expression of inflammatory cytokines, chemokines such as IL-8, 21 and MMPs such as MMP-1, -9, and -13.
22,23
The purpose of this study was to use a previously reported murine model of KCS to evaluate whether experimental dryness stimulates the expression and production of inflammatory molecules that have been identified in human KCS and activates MAPK signaling pathways.
ANIMALS AND METHODS

Mouse Model of Dry Eye
129SvEv/CD-1 mixed white mice aged 6 to 8 weeks were used for the study. All studies were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The mouse model of dry eye was created by a previously reported method 24 modified by placement of the mice in a blower hood at Ͻ40% humidity for 18 hours per day with subcutaneous injections of 0.5 mg/0.2 mL scopolamine hydrobromide (Sigma-Aldrich, St. Louis, MO) in alternating mouse hindquarters, administered four times a day at 9 AM, 12 PM, 3 PM, and 6 PM. The mice were treated for variable lengths of time, ranging from 4 hours to 1 day and 3, 5, and 10 days, depending on the parameter that was evaluated. Untreated agematched mice were used as normal controls. To determine whether the scopolamine or dry atmosphere activates MAPKs, we treated mice (eight eyes per group) with a 1-L drop of 10 Ϫ3 M scopolamine, 25 with or without exposure to an air draft in a blower hood for 4 hours; or with exposure to an air draft in a blower hood alone for 4 hours; or with subcutaneous injections of 0.5 mg/0.2 mL scopolamine, with or without exposure to an air draft in a blower for 4 hours. Untreated age-matched mice were used as normal control subjects.
Tear Fluid Washings
Tear fluid washings were collected by a previously reported method. 26 Briefly, 1.5 L of PBS containing 0.1% bovine serum albumin (BSA) was instilled into the conjunctival sac. The tear fluid and buffer were collected with a 1-L volume glass capillary tube (Drummond Scientific Co., Broomhall, PA) by capillary action from the tear meniscus in the lateral canthus. The 2-L sample of tear washings was pooled from both eyes of each mouse and was stored at Ϫ80°C until zymography and ELISA were performed.
ELISA and Gelatin Zymography
The corneal and conjunctival epithelia from five groups of mice (12 eyes per group), including untreated control mice and mice treated with subcutaneous injections of scopolamine and placement in a blower hood for 1 day or 3, 5, or 10 days, were collected, lysed and subjected to total protein assay with a bicinchoninic protein assay kit (Micro BCA; Pierce, Rockford, IL). The concentrations of IL-1␤ and TNF-␣ in the cell lysates and in the tear fluid washings were determined by ELISA kits for mouse IL-1␤ and TNF-␣ (Quantikine M Murine; R&D Systems, Minneapolis, MN), according to the manufacturer's protocol. The level of gelatinolytic enzymes in tear fluid washings was measured by SDS-PAGE gelatin zymography, according to a previously reported method. 27 A 2-L tear-washings sample (pooled from both eyes of each mouse) was added to SDS sample buffer and fractionated on an 8% polyacrylamide gel containing gelatin (0.5 mg/mL) by electrophoresis. The gels were soaked in 0.25% Triton X-100 for 30 minutes at RT to remove the SDS, then incubated in a digestion buffer containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl 2 , 2 M ZnSO 4 , 0.01% Brij-35, and 5 mM phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor, at 37°C overnight to allow proteinase digestion of its substrate. The gels were rinsed in distilled water and stained with 0.25% Coomassie brilliant blue R-250 in 40% isopropanol for 2 hours and destained with 10% acetic acid.
In Situ Zymography
In situ zymography was performed to localize the gelatinase activity in the cornea and conjunctiva by a modification of a previous method. 28 The fresh whole eyes with their eyelids and conjunctiva were embedded in a mixture of 75% (vol) OCT compound (Sakura Finetek USA. Inc., Torrance, CA) and 25% (vol) Immu-Mount (Thermo-Shandon, Pittsburgh, PA), then frozen in liquid nitrogen. Sections (10 m) were cut on a cryostat (Leica, Wetzlar, Germany) and stored at Ϫ80°C until use. They were then thawed and incubated overnight with reaction buffer (0.05 M Tris-HCl [pH 7.6], 0.15 M NaCl, 5 mM CaCl 2 , and 0.2 mM NaN 3 ), containing 40 g/mL FITC-labeled DQ gelatin, which is available in a gelatinase-collagenase assay kit (EnzChek; Molecular Probes, Eugene, OR). As a negative control, 50 M 1,10-phenanthroline, a inhibitor of metalloproteinases, was added to the reaction buffer before the FITC-labeled DQ gelatin was applied to frozen sections. Proteolysis of the FITC-labeled DQ gelatin substrate yields cleaved gelatin-FITC peptides that are fluorescent. The localization of fluores- 
Western Blot Analysis
The corneal and conjunctival epithelia collected and pooled from each group were lysed in RIPA lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 0.1% SDS, and an EDTA-free protease inhibitor cocktail tablet (Roche Applied Science, Indianapolis, IN). The cell extracts were centrifuged at 14,000g for 15 minutes at 4°C, and the supernatants were used for experiments. The total protein concentrations of the cell extracts were determined with a protein assay kit (Micro BCA; Pierce). The protein samples (50 g per lane) were mixed with 6ϫ SDS reducing sample buffer and boiled for 5 minutes before loading. Proteins were separated by SDS polyacrylamide gel electrophoresis (4%-15% Tris-HCl; gradient gels from Bio-Rad, Hercules, CA) and transferred electronically to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). The membranes were blocked with 5% nonfat milk in TTBS (50 mM Tris [pH 7.5], 0.9% NaCl, and 0.1% Tween-20) for 1 hour at room temperature (RT) and then incubated 2 hours at RT with a 1:1000 dilution of rabbit antibody against phospho-p38 MAPK (Cell Signaling, Beverly, MA), 1:100 dilution of rabbit antibody against phospho-JNK, or 1:500 dilution of monoclonal antibody against phospho-p44/42 ERK (Santa Cruz Biotechnology, Santa Cruz, CA). After three washings with TTBS, the membranes were incubated for 1 hour at RT with the horseradish-peroxidase-conjugated secondary antibody goat anti-rabbit IgG (1:2000 dilution; Cell Signaling) or with goat anti-mouse IgG (1:5000 dilution; Pierce). After the membranes were washed four times, the signals were detected with an enhanced chemiluminescence reagent (ECL; Amersham, Piscataway, NJ) and the images were acquired (model 2000R; Eastman Kodak, New Haven, CT). The membranes were stripped in 62.5 mM Tris-HCl (pH 6.8), containing 2% SDS and 100 mM ␤-mercaptoethanol at 60°C for 30 minutes and then were reprobed with 1:100 dilution of rabbit antibody against JNK (Santa Cruz Biotechnology) or 1:1000 dilution of rabbit antibodies against ERK or p38 MAPK (Cell Signaling). These three antibodies detect both the phosphorylated and unphosphorylated forms that represent the total levels of the MAPKs. The signals were detected and captured as described earlier.
RNA Isolation and Semiquantitative RT-PCR
Total RNA from the corneal and conjunctival epithelia collected and pooled from each group (10 eyes per group for each experiment) was isolated by an acid guanidium thiocyanate-phenol-chloroform extraction method, 29 and stored at Ϫ80°C until use. Gene expression was analyzed by reverse transcription-polymerase chain reaction (RT-PCR) 29 ,30 using a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as the internal control. In brief, first-strand cDNA was synthesized from 0.5 g of total RNA with MuLV reverse transcriptase. PCR amplification of the first-strand cDNAs was performed with specific primer pairs for murine IL-1␤, TNF-␣, MMP-9, and GAPDH mRNA (Table 1) . Semiquantitative RT-PCR was established by terminating reactions at intervals of 24, 28, 32, 36, and 40 cycles for each primer pair to ensure that the PCR products formed were within the linear portion of the amplification curve.
Real-Time PCR
The first-strand cDNA was synthesized from 1 g of total RNA with random hexamer using M-MuLV reverse transcriptase (Ready-To-Go You-Prime First-Strand Beads; Amersham Pharmacia Biotech, Inc., Piscataway, NJ), as previously described. 31 Real-time PCR was performed with fluorogenic primers (LUX, Light Upon Extension; Invitrogen, Carlsbad, CA) 32, 33 and a PCR master mix (Platinum Quantitative PCR Supermix-UDG; Invitrogen) in a thermocycler (Smart Cycler System; Cepheid, Sunnyvale, CA) according to the manufacturer's recommendations. Assays were performed in duplicate. A nontemplate control was included in all the experiments to evaluate DNA contamination of the reagent used. The fluorogenic primers designed from published sequences using software provided by the manufacturer (LUX; Invitrogen) are listed in Table 2 . The results of quantitative real-time PCR were analyzed by the comparative threshold cycle (C T ) method 32, 33 and normalized by GAPDH as an internal control.
Gene Array
The gene array analysis was performed with a kit (nonrad-GEArray Q Series for Mouse inflammatory cytokines and receptors; SuperArray Bioscience Corp., Frederick, MD) according to the manufacturer's instructions. This array is designed to profile the expression of 96 cytokine and receptor genes associated with inflammatory response, as well as control sequences (PUC18 and blank as negative controls; ␤-actin and GAPDH as loading controls). In brief, first-strand cDNA was synthesized from 3 g of total RNA of the corneal epithelia by reverse transcriptase, amplified, and labeled with biotin-16-dUTP by linear polymerase reaction (LPR) with DNA polymerase. The membranes (GEArray; SuperArray) were incubated with prehybridization solution at 60°C for 2 hours and then hybridized with the biotin-labeled cDNA probes overnight at 60°C in a hybridization oven with continuous agitation. After the membranes were washed and blocked, the biotinlabeled signals on the array membranes were bound to alkaline-phosphatase-conjugated streptavidin (AP) and detected by chemiluminescent substrate (CDP-Star; Amersham Pharmacia Biotech). The array images were acquired by a charge-coupled device (CCD) camera and 
Statistical Analysis
Based on the normality of the data distribution, the t-test or MannWhitney test was used for statistical comparison of assay results between groups.
RESULTS
IL-1␤ ELISA and Gelatin Zymography in Tear Fluid Washings
Tear fluid washings (pooled from both eyes of each mouse) were collected from 12 mice before (day 0) and after treatment with subcutaneous injections of scopolamine and placement in a blower hood for 5 (day 5) or 10 (day 10) days. The concentrations of the proinflammatory cytokine IL-1␤ and MMP-9 were measured in these washings by ELISA and gelatin zymography, respectively. The IL-1␤ concentration significantly increased from 27.14 Ϯ 11.20 pg/mL before treatment to 65.25 Ϯ 23.75 pg/mL after treatment for 5 days (n ϭ 12, P Ͻ 0.0005) and to 81.91 Ϯ 45.67 pg/mL after treatment for 10 days (n ϭ 12, P Ͻ 0.0005, compared with pretreatment values, Fig. 1 ). The IL-1␤ concentration in tear washings was slightly, but not significantly, higher at 10 days than it was at 5 days. Zymography showed that gelatinolytic bands of 105 kDa consistent with murine MMP-9 were present in the tear fluid washings of mice treated for 10 days. No gelatinolytic activity was detected in the tear fluid washings before treatment (Fig. 2) .
IL-1␤ and TNF-␣ in the Corneal and Conjunctival Epithelia by ELISA
Determined by ELISA, the IL-1␤ concentration in the corneal and conjunctival epithelia was not significantly higher after treatment for 1 to 3 days (P Ͼ 0.05). The levels of IL-1␤ were significantly increased from 51.74 Ϯ 26.08 pg/mg total protein in untreated corneal epithelia to 99.41 Ϯ 31.66 pg/mg (P Ͻ 0.05) at day 5 and 116.18 Ϯ 38.82 pg/mg (P Ͻ 0.01) at day 10 in the treated group. IL-1␤ in the conjunctival epithelia was also significantly stimulated from 51.50 Ϯ 18.57 pg/mg in the untreated eyes to 87.24 Ϯ 18.20 pg/mg at day 5 and 89.17Ϯ 21.69 pg/mg at day 10 (P Ͻ 0.01) in the treated group (Fig.  3A) . The concentration of TNF-␣ in the corneal and conjunctival epithelia was not significantly higher after treatment for 1 to 5 days (P Ͼ 0.05); however, by 10 days the concentration in the corneal and conjunctival epithelia was significantly increased to 30.55 Ϯ 2.71 pg/mg (P Ͻ 0.01) and 20.59 Ϯ 11.40 pg/mg (P Ͻ 0.05), respectively, compared with 11.12 Ϯ 6.89 and 5.90 Ϯ 3.24 pg/mg in untreated eyes, respectively (Fig. 3B) .
In Situ Zymography on Ocular Surface Epithelia
In situ zymography showed that mice treated with systemic scopolamine and placement in a blower hood for 5 and 10 days had higher gelatinolytic activity in both the corneal (Fig. 4 [1] ) and the conjunctival epithelia (Fig. 4 [2] ) compared with untreated mice.
Semiquantitative RT-PCR of IL-1␤, TNF-␣, and MMP-9 mRNA by Ocular Surface Epithelia
The levels of RNA transcripts encoding the inflammatory cytokines IL-1␤, TNF-␣, and MMP-9, as well as a housekeeping gene GAPDH, were evaluated by conventional semiquantitative RT-PCR with pooled total RNA samples of corneal or conjunctival epithelia obtained from four groups (10 eyes per group) of untreated mice and the mice treated with systemic scopolamine and placement in a blower hood for 1, 5, or 10 days (20 mice in each experiment). The levels of transcripts of IL-1␤, TNF-␣, and MMP-9 in the corneal and conjunctival epithelia of mice treated for 1 day were no different from untreated control eyes, but these were noted to increase at 5 and 10 days (Fig. 5) . 
Real-Time PCR of IL-1␤, TNF-␣, and MMP-9 mRNA by Ocular Surface Epithelia
The levels of IL-1␤, TNF-␣, and MMP-9 mRNA, as well as the housekeeping gene GAPDH, were evaluated by real-time PCR, using pooled total RNA samples of corneal or conjunctival epithelia (10 eyes per group) from untreated mice and mice treated for 1, 5, or 10 days (20 mice in each experiment). The use of real-time PCR confirmed the findings of conventional RT-PCR and provided a measure of the relative increase in mRNA levels of these factors after dry eye treatment. Quantitation of gene expression could be performed because the slope of the standard curve for each gene showed a similar efficiency of amplification (Fig. 6A) , and the real-time PCR produced a single specific product for each of the primer sets used (LUX; Invitrogen), proved by melting temperature analysis for each gene (Fig. 6B) . Nontemplate control experiments showed absence of DNA contamination. The comparative C T (threshold cycle) method was used to determine the difference (⌬C T ) between the C T of each time point of the treatment and the C T of the untreated control. Before subtraction, the C T was normalized by the C T of an endogenous reference gene, GAPDH. The experiment was performed three times to ensure reproducibility of results. Because of a limited amount of RNA available from each experiment, not all sets of total RNA samples used for real-time PCR assays were from the same eyes that were used for the conventional RT-PCR shown in Figure 5 . Similar to the conventional RT-PCR, higher levels of IL-1␤, TNF-␣, and MMP-9 mRNAs were observed in the corneal (Fig.  7 , CE) and conjunctival (Fig. 7 , JE) epithelia after treatment for 5 or 10 days.
Gene array for Expression of Inflammatory Cytokines and Receptors by the Corneal Epithelia
The findings of gene array analysis for mouse inflammatory cytokines and receptors further confirmed that dry eye increases the expression of inflammatory cytokines, especially IL-1␤ and TNF-␣. Because IL-1␤, TNF-␣, and MMP-9 mRNA were observed to increase after 5 days of treatment by conventional RT-PCR and real-time PCR (Figs. 5, 7) , we performed the gene array analysis using total RNAs from the untreated and the 5-day-treated corneal epithelia. Several transcripts of inflammatory cytokines and receptors were found to be stimulated in the corneal epithelia by day 5 of treatment, including IL-1␤, IL-1 receptor 1 (IL-1R1), IL-1 receptor 2 (IL-1R2), TNF-␣, and TNF receptor 1 (TNFR1), as shown in Figure 8 .
Activated JNK, ERK, and p38 MAP Kinases in the Ocular Surface Epithelia
The activation of JNK, ERK, and p38 MAPK pathways was evaluated by immunoblot analysis with phospho-antibodies against the activated forms of these kinases, by using pooled extracts of corneal or conjunctival epithelia from five groups (eight eyes per group) of untreated mice and the mice treated for 4 hours or 1 day or 3 or 5 days (20 mice in each experiment). As shown in Figure 9 , phosphorylated (p)-JNK1, p-JNK2, p-ERK1, p-ERK2, and p-p38 were markedly increased in the corneal and conjunctival epithelia of the mice treated from 4 hours up to 5 days. In contrast, levels of total JNK1/2, ERK1/2, and p38 were not changed. A different pattern of JNK1 and JNK2 activation was observed between corneal and conjunctival epithelia using the same antibody against p-JNK. Levels of 54-kDa p-JNK2 in response to dry eye showed greater increase in the corneal epithelia than in the conjunctival epithelia (Fig. 9B) . The effect of the scopolamine drop and/or blower fan on MAPK activation was evaluated in the corneal and conjunctival epithelia 4 hours after instillation of a 1-L drop of 10 Ϫ3 M scopolamine and/or placement in an air draft in a blower hood. There was no change in the level of activated MAPK with either of those treatments compared with untreated eyes. In contrast, MAPK activation was observed in mice treated with scopolamine injection and a blower for 4 hours, but it was not in mice treated with scopolamine injection alone. Figure 10 is a representative Western blot showing the effects of these treatments on ERK1 and -2 activation. These findings reveal that multiple MAPK signaling pathways are activated by the stress of dry eye and that this activation occurs rapidly, as early as 4 hours after induction of dry eye. 
DISCUSSION
We previously reported a mouse model of dry eye created by systemic administration of the anticholinergic agent scopolamine and exposure to a low-humidity environment and air draft. 24 This experimentally induced dry eye results in reduced tear production and tear fluorescein clearance, altered corneal epithelial barrier function, reduced conjunctival goblet cell density, and increased conjunctival epithelial proliferation. These ocular surface epithelial changes mimic human KCS. In this subsequent study, we present evidence that experimental dry eye stimulates production of inflammatory factors (IL-1␤, TNF-␣, and MMP-9) and activates MAPK signaling pathways on the ocular surface epithelia.
Ocular Surface Inflammation in Experimental Dry Eye
Increased levels of proinflammatory cytokines and MMPs have been observed on the ocular surface of patients with KCS.
2,34 -36 Furthermore, inflammation has been observed to develop in neurturin-deficient mice that have naturally occurring and permanent dry eye. These mice have been observed to have increased concentrations of IL-1␤ and MMP-9 in tear fluid washings and stimulated expression of IL-1␤, TNF-␣, macrophage inflammatory protein 2 (MIP-2), cytokine-induced neutrophil chemoattractant (KC), and MMP-9 mRNA by the corneal epithelia as the dry eye develops with age. 26 The present study provides convincing evidence that ocular surface inflammation develops in response to experimentally induced dry eye in mice. The concentrations of IL-1␤ and MMP-9 in the tear fluid washings and gelatinolytic activity on the ocular surface epithelia were observed to increase significantly in mice treated with subcutaneous injections of scopolamine and placement in a blower hood for 5 or 10 days (Figs. 1, 2, 4) . The increased IL-1␤ concentration in the tear fluid washings could be due in part to a concentration effect caused by decreased tear volume. However, experimental evidence suggests that this is not the only cause. IL-1␤ was measured in tear fluid washings, rather than in pure collected tear fluid. IL-1␤ in the tear fluid was collected by placing a 1.5-L drop of PBS on the ocular surface and collecting 1 L. Therefore, all these samples were diluted tear washings, and the dilution factor was greater in the dry eyes. Using a fluorescein dilution method, we calculated the tear volume to be approximately 0.1 L in normal eyes and 0.01 L in dry eyes. Using these tear volumes, an approximate real tear concentration of IL-1␤ was calculated. In normal eyes, the tear fluid is diluted approximately 16 times (0.1 L tears ϩ 1.5 L PBS). In contrast, the tear fluid in dry eyes was diluted approximately 151 times (0.01 L tears ϩ 1.5 L PBS). The measured IL-1␤ concentrations of 20 and 80 pg/mL in the tear fluid washings of untreated mice and mice treated for 10 days, respectively (Fig. 1) , multiplied by these dilution factors, yields an estimated true tear fluid concentration of 320 pg/mL in normal eyes and 12,080 pg/mL in dry eyes. This estimated 38-fold difference is much higher than the 10-fold difference that would be expected from the difference in tear volume. Therefore, it is likely that the increased IL-1␤ concentration in the tear washings of mice with dry eye is produced by the lacrimal glands and/or the stressed ocular surface epithelia.
We also found the concentrations of IL-1␤ and TNF-␣ significantly increased in the corneal and conjunctival epithelia of the mice treated for 5 or 10 days (Fig. 3) . In addition, both conventional RT-PCR and real-time PCR showed that the levels of IL-1␤, TNF-␣, and MMP-9 mRNA in the corneal and conjunctival epithelia noticeably increased in mice treated for 5 or 10 days, compared with untreated mice (Figs. 5, 7) . The gene array data further supported that dry eye induces inflammation at the transcriptional level by showing increased expression of inflammatory cytokines (IL-1␤, TNF-␣) and their receptors (IL-1R1, IL-1R2, and TNFR1) in the corneal epithelia of the mice treated for 5 days (Fig. 8) . It is likely that elevated levels of these cytokines in the corneal epithelium were due to stimulated production by the corneal epithelial cells, because we did not detect any infiltration of inflammatory cells into the corneal epithelium over a 2-week dry eye treatment period. In contrast, slight infiltration of the conjunctival epithelium and stroma with inflammatory cells has been observed in this murine dry eye model, and these cells could be responsible for some of the increased levels of inflammatory cytokines.
IL-1 is a potent inducer of other inflammatory cytokines such as IL-6 and TNF-␣, and chemokines such as IL-8. 37 In mice, IL-1 and TNF-␣ stimulate the production of the key chemoattractants KC and MIP-2.
38,39 IL-1 and TNF-␣ also stimulate the production of MMPs by epithelial and inflammatory cells. 30, 40 The gelatinase MMP-9 is one of the most important MMPs on the ocular surface. Overexpression of MMP-9 by the corneal epithelia has been reported to impede re-epithelialization of the cornea after experimental thermal injury in animal models and has been associated with sterile corneal ulceration in humans. 41 The concentration and activity of MMP-9 have been found to be significantly higher in the tear fluid of patients with KCS, with the highest levels observed in patients with sterile ulceration.
5 MMP-9 is also an efficient activator of latent precursor cytokines, including TGF-␤1 and IL-1␤. 42 We used multiple methods to demonstrate conclusively that ocular surface dryness induces the production of these key inflammatory factors and provides a model for studying their roles in the pathogenesis of KCS.
Effect of Dry Eye on MAPK Signaling Pathways
MAPKs are major cell-signaling mediators that play vital roles in the cellular response to stress. The JNK and p38 MAPK cascades are strongly activated by cellular stresses, as well as by proinflammatory agents such as endotoxin, IL-1, and TNF-␣. [43] [44] [45] In contrast, ERK MAPK is strongly activated by growth factors such as platelet-derived growth factor, as well as many other stimuli that mediate cell proliferation, differentiation, and survival. 46 Each MAPK pathway is activated by phosphorylation of threonine and tyrosine residues by upstream dual-specificity MAPK kinases (MKKs): ERK is activated by MKK1 and -2, p38 by MKK3 and -6, and JNK by MKK4 and -7. The mechanism of activation and the functional role of each MAPK cascade is dependent on the particular cell type and the type of stimuli used. 47 In this study, immunoblot analysis was performed with antibodies specific for the activated or phosphorylated forms of these MAPKs (p-JNK, p-ERK, and p-p38). Our findings showed that compared with untreated mice, the phosphorylated forms of JNK1/2, ERK1/2, and p38 were markedly increased in the corneal and conjunctival epithelia of the mice treated for 4 hours or 1 day or 3 or 5 days (Fig. 9) . Scopolamine drops and/or the blower in a dry atmosphere or scopolamine injection alone did not activate MAPKs after 4 hours of treatment. In contrast, scopolamine injection com- bined with exposure to a blower for 4 hours was found to activate MAPKs (Fig. 10) . It is possible that scopolamine or dry atmosphere has some effect on activation of MAPKs with long-term treatment. However, the dry eye stress on the ocular surface appeared to be primarily responsible for MAPKs activation in our dry eye model. We found that the levels of phospho-JNK2 in response to dry eye were higher in the corneal epithelia than in the conjunctival epithelia (Fig. 9B) . This may indicate that the cornea and conjunctiva differ in their reactivity to dry eye stress. In mice, this could be because only the cornea, but not the conjunctiva, is exposed in the palpebral aperture.
MAPK intracellular signaling pathways have been demonstrated to play a central role in regulating a wide range of inflammatory responses in many different cell types. Activation of JNK/c-Jun and ERK1/2 MAPK signal transduction pathways leads to activation of murine peritoneal macrophages. 48 p38 MAPK activity mediates TNF-␣ and MIP-2 release, and migration of neutrophils and macrophages toward the chemokines MIP-2 and KC after lipopolysaccharide (LPS)-stimulation. 49 Cross-talk between ERK and p38 MAPK mediates selective suppression of proinflammatory cytokine production by TGF-␤.
50 p38 kinase appears to be involved in the stimulated release of IL-1␤ and the sustained neutrophilic response in rat airway inflammation. 51 In addition, MAPK cascades regulate the expression and activity of some MMPs (MMP-9, -1, -3, and -13), through activation of transcription factors such as NFB, AP-1, and ATF in different target cells. 22, [52] [53] [54] These findings suggest that these three activated MAPK pathways could mediate the production of proinflammatory cytokines and MMP-9 by stressed ocular surface epithelia in our murine dry eye model.
The mechanism of activation of MAPKs in this dry eye model is still unknown. The JNK, ERK, or p38 MAPK signaling pathways have been reported to be activated by inflammatory cytokines such as IL-1␤ and TNF-␣, 43, 45, 47 which are also known to stimulate expression and activity of MMPs in a variety of cell types. 22, 23, 30 In this study, the production of IL-1␤ and TNF-␣ proteins in the corneal and conjunctival epithelia was not increased until treatment for 5 days (Fig. 3) , and the expression of their mRNA was not increased in 1-day treated mice (Figs. 5, 7) . However, the levels of activated JNK, ERK, and p38 were observed to increase markedly within 4 hours of treatment (Fig. 9) . It suggests that the earlier activated MAPK signaling pathways in our dry eye model may play a role in the induction of inflammatory cytokines IL-1␤ and TNF-␣, which could further trigger MAPK activation in turn and stimulate the expression of MMP-9. Further studies are needed to define the relationship between MAPK activation and stimulated production of IL-1␤ and TNF-␣ on the ocular surface. How are MAPKs activated in this model of dry eye? One of the original stimuli may come from the hyperosmotic stress of dry eye on the ocular surface. Hyperosmolarity of the tear film has been recognized as a key factor in the pathogenesis of dry eye and has been proposed as a gold standard for diagnosis of dry eye.
14 In a preliminary study, we found that hyperosmotic stress can activate the JNK pathway and stimulate the expression of the inflammatory cytokines (IL-1␤ and TNF-␣) and MMP-9 by cultured human corneal epithelial cells (Li, et al. IOVS 2002; 43 :ARVO E-Abstract 1981). The effect of the tear film's hyperosmolarity on the activation of MAPKs on the ocular surface epithelia of mice remains to be determined.
In conclusion, our findings demonstrate that experimentally induced dry eye in mice stimulates ocular surface inflammation mimicking human KCS and activates three MAPK intracellular signaling pathways: JNKs, ERKs, and p38. These MAPKs may be relevant therapeutic targets in human KCS.
